ABSTRACT: Prolactin, glucocorticoids, and insulin are commonly used to induce milk protein synthesis in bovine mammary cell cultures. In addition, administration of GH increases milk yield in dairy cows, likely via the mammalian target of rapamycin (mTOR) pathway and IGF-I synthesis. As such, the hypothesis of this study was that mRNA abundance of hormone receptors, mammalian target of mTOR pathway-related kinases, IGF-I, and milk protein-encoding genes increases in the porcine mammary gland in response to greater lactation demand. Selected genes included those encoding for receptors of GH (GHR), insulin (INSR), glucocorticoid (NR3C1), prolactin (PRLR), IGF-I (IGF-I), mTOR (FRAP1), and p70S6 kinases (RPS6KB1), and the milk proteins α-lactalbumin (LALBA) and β-casein (CSN2). and LALBA mRNA abundance (r = 0.79; P = 0.002), whereas mRNA abundance of GHR tended to be positively correlated with that of IGF-I (r = 0.46; P = 0.06). In conclusion, expression of the genes NR3C1, PRLR, GHR, and IGF-I changed in the porcine mammary gland during the prepartum to postweaning periods, but only NR3C1 mRNA abundance was positively correlated with expression of CSN2 and LALBA.
INTRODUCTION
Milk yield in sows is a critical factor for economic success of swine operations because it is the main determinant of litter growth. Milk yield is dependent on the rate of synthesis of milk proteins, a process regulated by numerous lactogenic hormones (Rosen et al., 1999) . In vitro experiments in porcine, bovine, and rat mammary tissue have shown prolactin (Plaut et al., 1989) , glucocorticoids (Casey and Plaut, 2007) , GH (Johnson et al., 2010) , insulin (Prosser et al., 1987) , and IGF-I (Burgos et al., 2010) to bind to mammary receptors, and to regulate expression of genes encoding for the milk proteins β-casein (CSN2) and α-lactalbumin (LALBA; Rosen et al., 1999) . Additionally, evidence in vitro and in cows suggests a key role of mammalian target of rapamycin (mTOR) pathway in regulating milk protein synthesis during lactation (Hayashi et al., 2009; Burgos et al., 2010) . Prolactin, glucocorticoids, and insulin are necessary for inducing milk protein synthesis in mammary explant culture studies in rats (Bolander et al., 1981; Kulski et al., 1983) , and administration of GH increases milk yield in dairy cows (Bauman, 1999; Yang et al., 2005) . In contrast, treatment of sows with any of these hormones does not improve milk synthesis or litter growth during lactation, and the reasons are unknown (Farmer et al., 1999; Norby et al., 2001) . Hormone activity in the porcine mammary gland may depend on the availability of hormone receptors, which is partially controlled by their transcription rates (Alberts et al., 2008) . However, expression of genes encoding hormone receptors has not been profiled in the mammary tissue of lactating sows. We hypothesized that the expression of genes encoding for GH, insulin, prolactin, and the glucocorticoid receptors IGF-I, mTOR, and p70S6 kinase in the porcine mammary gland increases in response to greater lactation demand, and correlates positively with the expression of genes encoding for β-casein and α-lactalbumin.
MATERIALS AND METHODS
Studies were performed with the approval of the Institutional Animal Care and Use Committee at Michigan State University.
Animals and Tissue Collection
Four sows (all parity 5, Landrace × Yorkshire) selected on d 107 of pregnancy were moved to farrowing crates in a room maintained at 20°C and were fed 3 kg of diet/d divided into 2 meals. The diet consisted of a corn-and soybean meal-based diet meeting requirements for all nutrients for lactating sows nursing 10 piglets with a predicted ADG of 250 g/d (NRC, 1998; Table 1 ). The day after farrowing was considered d 1 of lactation, and sows were fed 1 kg twice per day (0800 and 1600 h). On d 2 and 3 of lactation, sows were fed 3 and 4 kg of diet, respectively, in 2 equal meals. For the remainder of the study, sows were fed a maximum of 5.5 kg of diet/d to ensure equal DMI among all sows. Sow feed intake was recorded daily throughout lactation, and fresh water was freely available at all times. Litters were equalized to 10 piglets weighing approximately 15 kg in total by cross-fostering within 24 h of birth. Litter weight was recorded on d 2 and 17 of lactation, and piglets were weaned on d 21 of lactation.
Mammary parenchymal tissue was biopsied from the first and second thoracic glands (Kirkwood et al., 2007) in the morning after a 12-h overnight fast at 5 d before the expected farrowing date (prepartum), on d 5 and 17 of lactation, and on d 5 after weaning (postweaning). For sampling of mammary tissue, piglets were isolated in an adjacent pen equipped with a heat lamp. Immediately after the biopsy, mammary tissue was flash frozen, kept in liquid N, and stored at −80°C. Three hours after biopsy, piglets were returned to sows and allowed to nurse.
RNA Extraction and Complementary

DNA Synthesis
Ribonucleic acid was extracted from mammary tissue by using a PerfectPure RNA Cell and Tissue Kit according to the manufacturer's instructions (5 PRIME, Gaithersburg, MD). Genomic DNA was digested by performing an on-column DNase treatment (PerfectPure RNADNase, Gaithersburg, MD). Isolated RNA was tested for purity by spectrophotometry (NanoDrop 1000, Thermo Scientific, Wilmington, DE) and was tested for quantity and integrity by using an Agilent Bioanalyzer 2100 with an RNA 6000 Nano Labchip (Agilent Technologies, Palo Alto, CA). The ratio of the absorbance at 260 and 280 nm ranged from 2.06 to 2.11, whereas the RNA integrity number values ranged from 8.7 to 10. Complementary DNA was synthesized using 2 μg of total RNA from each sample as the template in reverse-transcription reactions using Superscript III reverse transcriptase and oligo(dT) [15] [16] [17] [18] primer (Invitrogen, Carlsbad, CA) as recommended by the manufacturer. Concentration of cDNA was quantified by spectrophotometry (NanoDrop 1000), diluted to a working concentration of 10 ng/μL, and stored at −20°C. 
Primer Design and Optimization
Primer sequences for the reference and target genes are presented in Tables 2 and 3 , respectively. Each target gene is referred to by the common name of the protein that it encodes; hence, NR3C1 is referred to as glucocorticoid receptor, PRLR as prolactin receptor, INSR as insulin receptor, GHR as GH receptor, FRAP1 as mTOR kinase, and RPS6KB1 as p70S6 kinase. Primer information and reverse-transcription quantitative PCR (RT-qPCR) analysis for CSN2 and LALBA are not described herein because they have been published previously (Manjarín et al., 2011) . Potential reference genes were selected based on previous studies (Bionaz and Loor, 2007; Tramontana et al., 2008) , but the primers used were different from those published to optimize the efficiency of the RT-qPCR assays in our samples. All primers were designed based on publicly available swine cDNA and expressed sequence tag sequences deposited in the National Center for Biotechnology Information (2010) database using Primer Express software (Applied Biosystems, Foster City, CA) with default settings. The designed primers were aligned against published swine (Sus scrofa), human (Homo sapiens), bovine (Bos taurus), and rat (Rattus norvegicus) genome sequences using the Basic Local Alignment Search Tool; pairs that showed significant alignment (i.e., high query coverage) with nucleotide sequences other than the protein of interest in any of the species mentioned were discarded. Amplicons from the primer pair were not sequenced in this study. Evaluation of primer-dimer formation was based on the presence of a single peak in the dissociation curve after the RT-qPCR reaction. Primers were not designed to span exon/exon junctions.
Primer pairs were optimized for concentration by using a primer optimization matrix (Mikeska and Dobrovic, 2009) , and a relative standard curve was used to determine the efficiency of amplification (Yuan et al., 2006) . The standard curve was constructed using cDNA synthesized from an RNA pool made of all samples by using the following amounts of cDNA (in duplicate): 40, 20, 10, 5, and 2.5 ng. Primer pair efficiency for each gene was calculated from the slope of the standard curve by using the formula [10 (−1/slope) − 1] × 100, as described by Yuan et al. (2006) . Nontemplate controls were included in all RT-qPCR plates to validate that primers were not amplifying contaminating DNA.
Reference Gene Selection
A relative standard curve (Larionov et al., 2005) was used as the RT-qPCR method to measure relative mRNA abundance of potential reference genes. Relative mRNA amounts from the standard curve were entered directly into geNorm software (http://medgen.ugent. be/~jvdesomp/genorm/) to select the most stable reference genes within the analyzed set, as described by Vandesompele et al. (2002) . Briefly, the expression stability value, or M, for each gene was determined as the average pairwise variation of each gene with all other reference genes, whereas the number of reference genes that should be used was calculated by analysis of the pairwise variation [Vn/(Vn + 1)] between 2 sequential normalization factors (NF n and NF n+1 ). Such normalization factors (NF n ) are based on the geometric mean Accession number corresponds to the cDNA or the expressed sequence tag sequence deposited in the National Center for Biotechnology Information database, from which the primers were designed.
2 Direction (F = forward; R = reverse) and hybridization position for each primer (5′-3′) within the nucleotide sequence from which the primers were designed. of the expression of n and n + 1 best reference genes (Vandesompele et al., 2002) .
RT-qPCR Assay
Reverse-transcription quantitative PCR reactions were performed in MicroAmp Optical 96-Well Reaction Plates (Applied Biosystems). To each well were added 3 μL (30 ng) of template cDNA, 12.5 μL of SYBR Green master mix (Applied Biosystems), 6 μL each of 10-μM forward and reverse primers, and 3.5 μL of diethylpyrocarbonate-treated and nuclease-free water (Fisher Scientific, Fair Lawn, NJ). Plates were sealed, centrifuged at 640 × g for 1 min at 10°C, and loaded into an ABI Prism 7000 Sequence Detection System (Applied Biosystems). The amplification program included 2 initial steps (50°C for 2 min and 95°C for 10 min), followed for 40 cycles (step 3; 95°C for 15 s and 60°C for 1 min), and a dissociation curve (step 4; 95°C for 15 s, 60°C for 1 min, 95°C for 15 s). Data were analyzed with 7000 RQ Sequence Detection Systems Software (Applied Biosystems).
RT-qPCR Data Normalization
Normalization of target gene expression values was made according to the following formula (Eq. 1):
where 
Statistical Analysis
Normality of the residuals was tested using the Shapiro-Wilk test under the UNIVARIATE procedure (SAS Inst. Inc., Cary, NC). Data were not transformed for further analysis. Changes in ΔCt values in response to physiological phases of mammary activity were assessed using a linear mixed-model procedure (PROC MIXED) of SAS that included the fixed effect of time and the random effect of sow (Eq. 2):
where Y ij is the measured variable for the jth sow within the ith stage of lactation, μ is the overall mean, α i is the fixed effect of the ith stage of lactation, b j is the random effect of the jth sow, and e ij is the experimental error. The ΔCt for each target gene was compared between d 5 of lactation and prepartum, d 17 and 5 of lactation, and postweaning and d 17 of lactation. Multiple comparisons were accounted for with Bonferroni adjustment. Differences between physiological stages of mammary activity were considered significant at P ≤ 0.05. To investigate the relationship among mRNA abundance of candidate genes and milk protein genes, correlations between mRNA abundance (ΔCt) of genes encoding for hormone receptors, IGF-1, and mTOR and p70S6 kinases, and mRNA abundance of genes en- 1 Accession number corresponds to the cDNA or the expressed sequence tag sequence deposited in the National Center for Biotechnology Information database, from which the primers were designed.
2 Direction (F = forward; R = reverse) and hybridization position for each primer (5′-3′) within the nucleotide sequence from which the primers were designed.
3 Primer pair efficiency (E) was calculated as follows: E = [−1 + 10
] × 100. The R 2 values for all standard curves for reference and candidate genes were >0.98, indicating excellent linear relationships between quantities of serially diluted cDNA and cycles to threshold when RT-qPCR was performed. 4 Mammalian target of rapamycin.
coding for β-casein and α-lactalbumin were determined using the PROC CORR procedure of SAS. Likewise, correlations between GH receptor, IGF-1, and mTOR kinases were assessed. Pearson correlation coefficients (r) were considered significant at P ≤ 0.05.
RESULTS
Pregnancy length ranged between 113 and 114 d for all sows. Lactation performance between d 2 and 17 postpartum was uniform among sows, with piglet ADG of 257.8 ± 9 g, litter BW gain of 55.45 ± 1.2 kg, and sow feed intake of 4.7 ± 0.32 kg/d. GeNorm analysis showed that mitochondrial GTPase 1 (MTG1), mitochondrial ribosomal protein L39 (MRPL39), and vesicle-associated membrane protein-associated protein B/C (VAPB) had the least average expression stability parameter (M), and were therefore selected as the most stable set in the porcine mammary gland (Figure 1) . Analysis of the pairwise variation between sequential normalization factors showed that the optimal number of reference genes was 3 because their pairwise variation was below the 0.15 cutoff value proposed by Vandesompele et al. (2002) , whereas the inclusion of a fourth gene increased (V2/3 = 0.11 and V3/4 = 0.12) the pairwise variation (Figure 2) . Gene expression profile of LALBA and CSN2 from the prepartum to postweaning period was published previously (Manjarín et al., 2011) .
From prepartum to d 17 of lactation, mRNA abundance of NR3C1 was positively correlated to mRNA abundance of CSN2 (r = 0.85; P < 0.001; Figure 7 , panel 1) and LALBA (r = 0.79; P = 0.002; Figure 7 , panel 2). Messenger RNA abundance of PRLR, INSR, GHR, IGF-I, RPS6KB1, and FRAP1 was not correlated with mRNA abundance of CSN2 or LALBA (P > 0.1). The abundance of GHR mRNA tended to be positively correlated with that of IGF-I (r = 0.46; P = 0.06; Figure 7 , panel 3). Neither GHR nor IGF-I mRNA abundance was correlated with that of RPS6KB1 and FRAP1 (P > 0.1).
DISCUSSION
Genes encoding for insulin, glucocorticoids, and prolactin receptors were all expressed at the transcription level in porcine mammary tissue, suggesting their potential role in the sow mammary gland during lactation. In muscle and adipose tissue, insulin stimulates the postprandial uptake of glucose via an increase in the transcription and translation rates of specific glucose transporters and by promoting their redistribution to the plasma membrane from intracellular compartments (Cushman and Wardzala, 1980; Suzuki and Kono, 1980) . However, the role of insulin in the mammary gland is not well understood. Although glucose uptake in the mammary gland appears to be insulin insensitive (Prosser and Topper, 1986) , insulin is critical for successful lactation (Rosen et al., 1999) , as shown by the suppression of milk secretion and loss of mammary tissue DNA in rats treated with insulin inhibitors (Lau et al., 1993) . Earlier studies in pigs showed an inverse relationship between blood insulin concentrations and milk yield and lactose synthesis (Reynolds and Rook, 1977) , and administration of exogenous insulin to lactating sows decreased milk yield (Goldobin, 1976) . Nonetheless, insulin appears to be involved, along with the galactopoietic hormones prolactin and glucocorticoids, in transcription regulation of milk protein genes (Casey and Plaut, 2007; Menzies et al., 2009 ). Transcripts encoding for INSR have been detected previously in rat (Burnol et al., 1990 ) and bovine mammary epithelial cells (Baumrucker and Erondu, 2000) , and for the first time in the present study, in porcine mammary tissue, although they were not correlated with mRNA abundance of the LALBA and CSN2 genes.
Transcription rates of genes encoding α-lactalbumin and β-casein are dependent on the activation and synthesis of transcription factors, both events controlled by galactopoietic hormones such as prolactin and glucocorticoids (Rosen et al., 1999) . Prolactin is well known as a lactogenic hormone in all mammals (Tucker, 1985) , including the pig. Basal prolactin concentrations increase on the day before farrowing to induce lactogenesis, and then gradually decrease during lactation (van Landehem and van de Wiel, 1978; Plaut et al., 1989) , whereas additional surges of prolactin occur during stimulation of the mammary gland at nursing to maintain normal lactation (Knobil and Neill, 2006) . Previous studies have shown that prolactin is absolutely necessary to initiate and, unlike for the dairy cow (Knight, 2001) , to maintain milk production in sows (Farmer, 2001 ) because its suppression with bromocriptine (a dopamine agonist) inhibits both lactogenesis (Taverne et al., 1982) and galactopoiesis (Farmer et al., 1998) . However, administration of exogenous prolactin does not increase milk production in the sow (Farmer et al., 1999; Farmer, 2001) , suggesting that all mammary gland receptors may be saturated with endogenous prolactin (Farmer et al., 1999) . Results from the present study showed a decrease in PRLR gene expression postpartum and then a rebound at d 17 of lactation, which appears to be inversely related to circulating prolactin concentrations reported previously in the sow (Plaut et al., 1989; Farmer et al., 1998) . It is known that an increase in mRNA abundance does not always translate into an increase in protein. However, even though quantities of prolactin receptor protein were not measured, results from the present study are in agreement with previous work regarding prolactin binding activity in the mammary glands of lactating sows (Plaut et al., 1989) , pointing to a possible downregulatory effect of prolactin on its own receptor, as demonstrated previously in rat mammary glands (Barash et al., 1983) . Therefore, it is possible that the galactopoietic effect of prolactin on sow mammary tissue is more closely related to its receptor density or affinity than to its circulating concentrations. Such a key role of prolactin receptors in milk yield is further supported by the finding that mammary prolactin receptors of Meishan-derived sows, which produced more milk than Large White sows, had a greater affinity for the hormone than those from Large White sows (Farmer et al., 2000) . However, results from the present study showed no correlation between gene expression of PRLR and mRNA abundance of milk proteins, despite the fact that prolactin has been shown to regulate milk protein synthesis by increasing transcription of CSN2 and LALBA in mice and bovine mammary cell culture (Rosen et al., 1999) . Conversely, mRNA abundance of NR3C1 increased with the onset of lactation and was positively correlated with LALBA and CSN2 gene expression, indicative of a potential regulatory role in sow milk protein synthesis. In fact, numerous studies have shown that glucocorticoids play a major role in mammary secretory activation and milk synthesis, regulation of milk protein gene expression, and maintenance of secretory cell differentiation and lactation (reviewed by Casey and Plaut, 2007) . Glucocorticoid receptors are localized within the cellular cytoplasm, and upon activation exert a synergistic action with prolactin-induced transcription factors by increasing the milk protein transcription rate (Doppler et al., 2000 (Doppler et al., , 2001 Akers, 2000) . As such, transcriptional regulation of glucocorticoid receptors may play a key role in adapting the porcine mammary gland to greater lactation demand, possibly by regulating transcription of mammary genes encoding for milk proteins in the lactating sow.
Administration of GH to dairy cows increases milk yield (Bauman and Vernon, 1993; Bauman, 1999) but fails to improve the litter performance of lactating sows (Farmer et al., 1992 (Farmer et al., , 1996 Toner et al., 1996) . Growth hormone is secreted in a pulsatile manner by the anterior pituitary gland, and upon binding to its membrane receptor in target tissues, stimulates cell growth and changes in protein, carbohydrate, and fat metabolism (Bauman, 1999) . However, the molecular mechanisms mediating such effects remain unknown. Previous studies have suggested an indirect effect of GH in milk synthesis, mediated by an increased secretion of IGF-I by the liver and mammary tissue of treated cows (Bauman, 1999; Allan et al., 2002) . Indeed, IGF-I receptor abundance increased during lactogenesis in the bovine mammary gland (Dehoff et al., 1988) , whereas treatment with IGF-I stimulated β-casein synthesis in cultured mammary cells from lactating cows (Hanigan et al., 1992) . Alternatively, GH may stimulate milk production directly via GHR located on mammary tissue (Hayashi et al., 2009; Johnson et al., 2010) . Expression of GHR has been detected in bovine mammary tissue (Plath-Gabler et al., 2001 ) and bovine mammary cell lines (Zhou et al., 2008; Johnson et al., 2010) . Results from the present study indicate that the genes encoding for both GHR and IGF-I are expressed at the transcription level in porcine mammary tissue. However, neither GHR nor IGF-I mRNA abundance was positively correlated with those of CSN2 and LALBA during lactation. It has recently been shown that the galactopoietic effect of GH in bovine mammary tissue is partially due to an increase in mRNA translation initiation and elongation, possibly mediated via the mammalian target of the mTOR pathway (Hayashi and Proud, 2007; Hayashi et al., 2009; Burgos et al., 2010) . The mTOR pathway regulates both cell growth and cell cycle progression in the organism through its ability to integrate signals from nutrients (e.g., AA) and growth factors (IGF-I and GH) to increase protein translation via activation of translation factors such as p70S6 kinase (Ma and Blenis, 2009) . In this regard, Toerien and Cant (2007) reported an increase in p70S6 kinase in the mammary gland of lactating cows compared with that of nonlactating animals, whereas stimulation of mammary protein synthesis by growth factors was associated with activation of several mTOR downstream translation factors (Burgos et al., 2010) . To our knowledge, the present work is the first to report FRAP1 and RPS6KB1 gene expression in the porcine mammary gland, although neither showed changes at the mRNA level during the prepartum to postweaning periods. Accordingly, it is possible that activation of both kinases during lactation depends on changes at translation and phosphorylation levels, as previously shown in the bovine mammary gland (Hayashi and Proud, 2007; Hayashi et al., 2009; Burgos et al., 2010) .
In summary, results from the present study showed an increase in mRNA abundance of NR3C1 with the onset of lactation and showed a positive relationship between genes encoding glucocorticoid receptor and those encoding α-lactalbumin and β-casein proteins in sow mammary tissue. As such, regulation of glucocorticoid receptors at the mRNA abundance level may play a key role in adapting the porcine mammary gland to the lactation demand imposed by the growing piglets. Genes encoding prolactin, GH and insulin receptors, IGF-I, and mTOR and p70S6 kinases were all expressed in porcine mammary cells. However, despite changes in mRNA abundance of genes encoding prolactin and GH receptors, and IGF-I over lactation, they were unrelated to the expression of milk protein genes. It is possible that variation in protein abundance and activity, rather than changes at the gene expression level, determine the role of these receptors and kinases during lactation.
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